This paper considers power allocation in a spatially correlated dual-hop multiple-input multiple-output (MIMO) relay channel. In a dual-hop MIMO relay channel, it is desirable to balance the capacity of each hop channel by dynamically allocating the transmit power according to the channel condition. In fact, the end-to-end capacity of a dual-hop relay channel can be maximized by means of max-min optimization with constraint on total power. This paper considers the improvement of the end-toend capacity by allocating the transmit power according to the average channel gain and the spatial correlation between the dualhop MIMO relay channels. Simulation results show that the proposed scheme provides significant performance improvement over the power allocation based on the average signal-to-noise ratio (SNR).
INTRODUCTION
The use of relays with multiple-input multiple-output (MIMO), so-called MIMO relays, has actively been considered in wireless networks due to its potential for the enhancement of capacity as well as cell coverage [1] - [5] . Much effort has been concentrated on resource allocation since the end-to-end capacity of a MIMO relay channel can be increased by adaptively allocating the resource according to the channel condition [6] , [7] .
In a spatially uncorrelated dual-hop MIMO relay channel, the end-to-end capacity can be improved by adaptively allocating the transmit power according to the average signal-to-noise ratio (SNR) of each hop channel [8] . However, the average SNR-based power allocation scheme may experience performance degradation in correlated dual-hop MIMO relay channels [9] - [12] . This is mainly because the channel gain is highly concentrated on a few eigen-dimensions of the correlation matrix as the channel correlation increases [13] , [14] , reducing the effective degree of freedom. In this case, it may be sufficient to allocate the transmit power to a subspace spanned by eigenvectors corresponding to dominant eigenvalues. It is of great concern how to allocate the transmit power based on the characteristics of the channel correlation in dual-hop MIMO relay channel.
In this paper, we consider power allocation to the source and relay in correlated dual-hop MIMO relay channel. We first derive the capacity of a correlated single-hop MIMO channel, and then sufficient condition to maximize the end-to-end capacity of a correlated dual-hop MIMO relay channel by means of a max-min technique. The proposed scheme adaptively allocates the transmit power to balance the capacity between the dual-hop MIMO relay channels according to the average channel gain and the spatial channel correlation. The performance of the proposed scheme is verified by computer simulation.
The remainder of this paper is organized as follows. Section 2 describes correlated dual-hop MIMO relay channels in consideration. Section 3 proposes a correlation-based power allocation strategy to maximize the end-to-end capacity in a correlated dual-hop MIMO relay channel. Section 4 verifies the analytic results by computer simulation. Finally, conclusions are given in Section 5.
SYSTEM MODEL
We consider a single-user dual-hop MIMO relay channel as shown in Figure 1 , where the source transmits the signal using two antennas to the relay through the first hop channel, the relay receives the signal using two antennas and retransmits it through the second hop channel, and the destination receives it using two antennas. We assume that the first and the second hop channel equally share the available channel bandwidth, and that the total sum power of the source and relay is P . We also assume that the direct link between the source and the destination is not available due to large path loss.
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PROPOSED POWER ALLOCATION SCHEME
We consider correlation-based power allocation in a dual-hop MIMO relay channel. We first briefly review a conventional power allocation scheme for easy description of the proposed scheme. In an uncorrelated dual-hop MIMO relay channel, the transmit power in the first and the second hop channel can be determined based on the average channel gain as [8] ` ` 2   2  2  3   1  2  SNR  SNR  1  1  2  2  2  2  3  3   1  1  2  3   1  1  2  2  2  2  3  3 , ,
where is inversely proportional to the average channel gain of the i -th hop channel. However, the presence of channel correlation reduces the effective degrees of freedom, so-called rank deficiency, causing the reduction of the capacity of MIMO channel. That is, as the channel correlation of the i -th hop channel increases, the capacity decreases due to the rank deficiency. It makes the capacity between the dual-hop MIMO relay channels imbalanced.
To alleviate this problem, we first derive the capacity of a correlated single-hop MIMO channel and then determine the transmit power to maximize the end-to-end capacity of a correlated dual-hop MIMO relay channel by means of a max-min technique. The end-to-end capacity of a dual-hop MIMO relay channel is determined by the minimum capacity of hop channels, i.e., min , C C P C P [6] . It is desirable to distribute the total power P to maximize the minimum capacity [16] that the end-to-end capacity is maximized by making
In a correlated dual-hop MIMO relay channel, the capacity of the i -th hop channel can be represented as 
Thus, we have 2 2 log 1 2 2
where 2 2 (1 )(1 )
It can be seen from (11) 
This implies that the end-to-end capacity can be maximized by allocating the power as 
where .
It can be seen that the proposed power allocation highly depends on the correlation amplitude 
P
needs to be increased to balance the capacity between the first and the second hop channel, and vice versa. As illustrated in Figure 2 , the overall procedure of the BS with the proposed scheme can be summarized as follows:
ƒ Step 1 : Initialize the transmit power with equal power allocation. ƒ Step 2 : The relay and the user estimate the average channel gain and correlation information using common pilot 
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Update , P P Figure 2 . Procedure of the proposed scheme.
signal, and report them to the BS through an uplink control channel. ƒ Step 3 : The BS determines the transmit power ( 
1) Prop
P and ( 
2) Prop
P by (14) . ƒ Step 4 : Update the transmit power (1) ( 2) , P P . ƒ
Step 5 : The BS transmits the data to the relay through the first hop channel and the relay re-transmits it to the user through the second hop channel.
SIMULATION RESULTS
The performance of the proposed scheme is verified by computer simulation in a correlated dual-hop 2 2 u MIMO relay channel. We assume that the amplitude of the transmit and receive correlation coefficients is the same in each hop channel (i.e.,
). For comparison, the performance of the average SNR-based scheme is also considered, where the total power is distributed according to the average channel gain between the two hop channels. The common simulation parameters are summarized in Table 1 . Figure 3 depicts the performance of the proposed scheme in a correlated dual-hop 2 2 u MIMO channel according to (2) 
= D E
km, and
. It can be seen from Figure 3 (a) that the proposed scheme adaptively allocates the power according to (2) 
= D E . On the other hand, the average SNR-based power allocation scheme allocates constant power indifferently from (2) (2)
= D E increases, 2 Prop P increases to balance the capacity between the dual-hop MIMO relay channels. It can also be seen from Figure 3 (b) that the end-to-end capacity of the two schemes gradually decreases as (2) 
=
D E
increases. This is mainly because the capacity of the second hop channel decreases due to the rank deficiency. However, the proposed scheme allocates the Link adaptation Ideal (i.e., using the Shannon's capacity formula) power in consideration of the rank deficiency, yielding less reduction of the capacity. As
= D E increases, the performance difference between the two power allocation schemes increases. Notice that when (2) (2) = 0.3 D E , both the schemes has the same end-to-end capacity since they have the same power allocation when (1) (1)
Notice also that the analytic results show some discrepancy from the simulation results, which is due to the use of an upper bound with Jensen's inequality, but it is still useful for the estimation of the performance. 
use of the proposed scheme when
, and 2 2 0.7
. It can be seen that the proposed scheme outperforms the conventional SNR-based power allocation. The proposed scheme provides a spectral efficiency enhancement of 0.122 bps/Hz (or 17.2% improvement) and 0.56 bps/Hz (or 7.0% improvement) when 0 10 J dB and 0 10 J dB, respectively. This means that compared to the conventional scheme, the proposed scheme is much effective in low SNR environments such as coverage hole or cell boundary.
CONCLUSION
We have considered the allocation of transmit power in correlated dual-hop MIMO relay channels. The proposed scheme allocates the power to balance the capacity of each hop channel by considering the average channel gain and the correlation amplitude between the dual-hop MIMO relay channels. Numerical results show that the proposed scheme can provide noticeable performance improvement over the average SNRbased one in spatially correlated environments. The performance improvement is noticeable especially in low SNR environments. 
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